All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Tree--tree interactions are important structuring mechanisms for forest community dynamics, and the outcome of these biotic interactions has already been identified to vary across environmental gradients and tree growth stages (e.g., \[[@pone.0120335.ref001]--[@pone.0120335.ref007]\]). These interactions can be competitive or facilitative and complementary and the direction of biotic interactions may shift with different environmental conditions \[[@pone.0120335.ref007],[@pone.0120335.ref008],[@pone.0120335.ref009],[@pone.0120335.ref010]\]. Generally, interactions shift towards facilitation as stress increases \[[@pone.0120335.ref011]\]. For example, if the availability of a given soil resource declines along a spatial or temporal gradient, then facilitation or complementarity could increase if the plants interact in ways that improve the availability or uptake of that resource \[[@pone.0120335.ref007]\]. Or, as productivity and leaf area increases, competition for light is also likely to become more intense and complementarity can increase if the plants interact in ways that improve light absorption \[[@pone.0120335.ref012]\]. Moreover, competitive interactions often become less severe in mixed-species communities (e.g., \[[@pone.0120335.ref005],[@pone.0120335.ref013]\]), and the negative effects of competition on adult tree growth are on average greater for shading than for crowding \[[@pone.0120335.ref014],[@pone.0120335.ref015]\]. In monospecific stands, neighbourhood interactions affecting growth dynamics are determined by factors other than species identity. It has been suggested that the spatial arrangement of trees plays a key role in regulating the intensity of inter--tree competition within structurally diverse old-growth forests \[[@pone.0120335.ref016]\].

The competitive ability of plants is strongly related to their size, and competitive interactions among trees can be size-asymmetric or size-symmetric \[[@pone.0120335.ref017]\]. There is more or less consensus that competition for light among terrestrial plants is strongly size-asymmetric \[[@pone.0120335.ref018],[@pone.0120335.ref019]\], particularly in later successional stages \[[@pone.0120335.ref020]\]. In contrast, competition for belowground resources (e.g. water and nutrients) can be size-asymmetric or size-symmetric \[[@pone.0120335.ref019],[@pone.0120335.ref021]--[@pone.0120335.ref026]\]. In addition to the importance of differentiating between the modes of competition (e.g. above- vs. belowground and symmetric vs. asymmetric), the potential interactions between above- and belowground competition have received increasing attention in plant ecology, such as whether these effects are additive (e.g. the summation of single effects) or non-additive (e.g. antagonistic or synergistic interaction) \[[@pone.0120335.ref027]\]. Next to competition many studies increasingly stress facilitation or complementarity as an important driver for community dynamics (e.g., \[[@pone.0120335.ref011],[@pone.0120335.ref028],[@pone.0120335.ref029],[@pone.0120335.ref030]\]). Most of these findings, however, refer to mixed-species communities or tree seedlings \[[@pone.0120335.ref007],[@pone.0120335.ref011],[@pone.0120335.ref031]\], but mechanisms of facilitative or complementarity interactions between adult trees in monospecific stands are poorly understood.

In this study, we aim to determine how interactions between adult trees are related to above- and belowground processes at the intraspecific level. To answer this question, we used growth data from a long-term (\> 50 years) unmanaged old-growth European beech (*Fagus sylvatica*) forest, encompassing a large range of tree sizes (diameter at breast height, DBH 7--116 cm) and age classes (35--240 years). More specifically, we asked (i) whether above- or belowground competition has a stronger effect on tree radial-growth, (ii) whether competitive interactions vary with tree size, and (iii) whether the effects of above- and belowground competition are additive (i.e. the summation of shading and crowding effects) or non-additive (i.e. antagonistic or synergistic interaction).

Materials and Methods {#sec002}
=====================

Study area {#sec003}
----------

This study was conducted in an 8 ha (200 m × 400 m) permanent plot of an old-growth forest ('Serrahn') located in the core zone of the Müritz National Park (Mecklenburg-Western Pomerania, NE Germany, 53° 20' N, 13° 12' E). The predominant forest communities in the national park can be assigned to oligotrophic beech forests (*Luzulo-Fagetum*) on dystric cambisols and podzoluvisol soils, and to mesotrophic beech forests (*Milio-Fagetum*) on luvisols. Soils are developed on a parent material of loamy sand and the main humus type is moder. 268 ha of the Serrahn forest are part of the UNESCO World Natural Heritage Site "Primeval beech forests of the Carpathians and the ancient beech forest of Germany" and represent a prime example of natural beech forest dynamics. The climate is suboceanic-subcontinental with annual means for precipitation of 593 mm and for temperature of 7.8°C \[[@pone.0120335.ref032]\]. Elevation is approximately 100 m a.s.l.

Forest history and structure {#sec004}
----------------------------

The Serrahn forest is characterised by a long (\>450 years) continuity of forest cover \[[@pone.0120335.ref033]\]. From the beginning of the 19^th^ century the Serrahn forest was used as a game park with low intensity silvicultural interventions. In 1960, it was declared a forest nature reserve and management ceased. During the last 40 years, stand structure became more heterogeneous over small spatial scales by shifting from mono-layered to multi-layered stands. These changes were mainly driven by increasing mortality rates of canopy trees in the late 1960s, which caused numerous canopy gaps and created conditions conducive to regeneration over large spatial scales. As a result the volume of dead wood considerably increased from 1967 to 2002 in the permanent plot (4 to 107 m^3^ ha^−1^) \[[@pone.0120335.ref032]\]. Thus, the current rotated sigmoid diameter distribution ([Fig. 1](#pone.0120335.g001){ref-type="fig"}) is mainly a function of self-thinning and mortality processes of old trees \[[@pone.0120335.ref034]\].

![Stand structure of the investigated old-growth beech forest.\
The x-axis represents the upper boundaries of the tree size (DBH)-class. Regresssion lines were obtained by fitting generalized additive models (*gam* function in R, with five degrees of freedom). Grey dots: investigation year 2002; black dots: investigation year 2009.](pone.0120335.g001){#pone.0120335.g001}

The canopy is dominated by *F*. *sylvatica* (96%). The other 4% is composed of about 3% Scots pine (*Pinus sylvestris*) and 1% Sessile oak (*Quercus petraea*). The understorey consists almost entirely of *F*. *sylvatica* ([S1 Table](#pone.0120335.s004){ref-type="supplementary-material"}). The age of the overstorey trees varied between 200 and 240 years with maximum values of 116 cm in diameter at breast height (DBH) and 44 m in height. The mean structural characteristics (initial conditions in 2002) are as follows \[[@pone.0120335.ref032]\]: stand volume 605 m^3^ ha^−1^, stand basal area 32.72 m^2^ ha^−1^ and stand density 263 stems ha^−1^. The mean height of the overstorey and understorey trees was 34.3 m and 11.2 m, respectively. The top height (the average height of the 20% largest-DBH trees) amounted to 38.4 m in the overstorey, and to 16.5 m in the understorey.

Another old-growth feature is the high abundance of large-sized (\>60 cm in DBH) beech trees, which account for 40 stems per hectare (57% of the canopy dominants). Those trees were regularly distributed in the study plot at spatial scales of approx. 13 m, whereas for neighbourhood scales \> 13m the tree spatial pattern became more random ([Fig. 2](#pone.0120335.g002){ref-type="fig"}). As a result the impact of large-diameter (\> 60 cm) trees on the local growing conditions within a neighborhood scale of 20 m was almost equally high for all canopy dominants with a DBH ≤ 60 cm ([Fig. 3A](#pone.0120335.g003){ref-type="fig"}). In contrast, understory trees tended to aggregate in areas with low neighbourhood densities of large-diameter trees ([Fig. 3B](#pone.0120335.g003){ref-type="fig"}).

![Spatial pattern (a) and corresponding spatial analysis (Ripley's *L* function; (b)) of large-sized (DBH \> 60 cm) beech trees in 2002.\
Values of *L*(r) above the 95% confidence envelope (determined by 199 Monte Carlo simulations; grey area) indicate spatial aggregation, those within the envelope indicate spatial randomness and those below the envelope indicate spatial regularity. The spatial tree pattern was analysed in R using the package *spatstat*.](pone.0120335.g002){#pone.0120335.g002}

![Local neighbourhood densities of large-sized (DBH \> 60 cm) beech trees within a spatial distance of 20 m.\
Yellow and dark blue colours indicate highest and lowest densities of large-diameter trees. Tree densities were obtained by using the *localL* function (R package *spatstat*) with r = 20 m. Black dots indicate the initial spatial pattern of (a) dominant and co-dominant canopy beech trees with a DBH ≤ 60 cm and (b) beech trees growing in the understorey of the 8 ha study plot.](pone.0120335.g003){#pone.0120335.g003}

Growth data {#sec005}
-----------

The research permission was provided by the administration of the Müritz National Park, Mecklenburg Vorpommern, Germany. No specific permissions were required for our activities. Our field studies did not involve any endangered species.

For all living trees with a DBH ≥ 7 cm in the study plot, stem diameter at 1.30 m, species, spatial position and crown class (dominant, co-dominant and suppressed) \[[@pone.0120335.ref035]\] were recorded ([S2 Table](#pone.0120335.s005){ref-type="supplementary-material"}). Annual basal area growth (BAI) was determined from two DBH measurements in 2002 and 2009, which represent a seven year growing period. An allometric equation describing tree height as a function of DBH was calibrated based on a subset of 243 height measurements of *F*. *sylvatica*. For *P*. *sylvestris* and *Q*. *petraea* the height of all trees within the study plot was recorded. Height measurements were determined with a Forestor VERTEX Hypsometer (Haglöf, Sweden).

Growth analyses focused on 545 dominant and co-dominant canopy beech trees (target trees). To account for edge effects, only target trees within a buffer zone of 20 m (see below) to the borders of the 8 ha plot were considered. The minimum radial distance of the study plot to forest edges was 150 m. As a result, the core zone amounted to 5.76 ha, and the buffer zone to 2.24 ha. All other individuals (*n* ~*total*~ = 2770) were considered as neighbourhood trees ([Table 1](#pone.0120335.t001){ref-type="table"}).

10.1371/journal.pone.0120335.t001

###### Summary statistics of the investigated old-growth beech forest in north-eastern Germany.

![](pone.0120335.t001){#pone.0120335.t001g}

                                                                                 Overstorey trees                 Understorey trees    
  ------------------------------------------------------------------------------ ------------------ ------------- ------------------- ------------
                                                                                 Mean (SD)          Min.--Max.    Mean (SD)           Min.--Max.
  Diameter at 1.30 m (cm)                                                        61.5 (15.9)        25.7--115.5   9.7 (2.8)           7.0--22.7
  Tree height (m)                                                                35.4 (3.5)         24.9--43.7    13.2 (3.4)          7.9--24.0
  Basal area growth (cm^2^ year^−1^)                                             31.3 (25.3)        0.7--178.7    5.0 (5.4)           0.2--36.1
  Basal area all trees (m^2^ ha^−1^) [^A^](#t001fn002){ref-type="table-fn"}      33.8 (7.6)         17.0--60.1    29.7 (7.2)          9.4--60.2
  Basal area larger trees (m^2^ ha^−1^) [^A^](#t001fn002){ref-type="table-fn"}   20.7 (12.0)        0.0--52.7     28.1 (7.7)          6.1--60.0
  Crowding index [^A^](#t001fn002){ref-type="table-fn"}                          0.56 (0.13)        0.28--1.00    0.49 (0.12)         0.10--1.00
  Shading index [^A^](#t001fn002){ref-type="table-fn"}                           0.35 (0.20)        0.00--0.88    0.47 (0.13)         0.16--1.00
  n~trees~                                                                       545                              815                 

Values refer to the initial growing conditions in the core zone (5.76 ha) in 2002 of the modeling data set.

^A^ values refer to a neighbourhood radius of 20 m

Competition indices {#sec006}
-------------------

For distinguishing between above- (shading) and belowground (crowding) competition, we applied two competition indices (CI) according to \[[@pone.0120335.ref023]\]: An index of shading (CIS) was calculated as the total initial basal area of trees larger than the target tree (BAL) within a specified radius of the target tree. This index assumes that competing trees intercept light in relation to their stature, which typically results in a disproportionally higher light interception of larger trees compared to smaller neighbours \[[@pone.0120335.ref017]\]. An index of crowding (CIC) was calculated as the total initial basal area of all trees (BA) within this radius. This index assumes that all trees irrespective of their size compete for belowground resources (e.g. nutrients) and represents a proxy measure of belowground competition among trees when used in the same model as the other competition index that accounts more for aboveground competition \[[@pone.0120335.ref023]\]. In this context, it is worth mentioning the indirect assessment of belowground competition in our study, because we could not directly relate growth rates to measured root parameters such as fine root biomass or productivity. However, distant-dependent and distant-independent indices for crowding are assumed to act as proxies for belowground competition in tree growth studies, which account for both shading and crowding effects (e.g., \[[@pone.0120335.ref005],[@pone.0120335.ref014],[@pone.0120335.ref015],[@pone.0120335.ref023]\]). To account for the distance-dependency of competition effects, we used a fixed radial distance approach. BAL and BA were computed for different radii (10, 15 and 20 m) and any tree within this distance was included as a neighbour. The optimum neighbourhood radius was determined by calculating the *R* ^2^ of the relationship between ln(BAI) and competition effects (BAL and BA). The area with a 20 m radius explained the highest amount of variation in BAI (*R* ^2^ ~10m~: 0.15; *R* ^2^ ~15m~: 0.22; *R* ^2^ ~20m~: 0.31) and was therefore selected for further analysis. To facilitate comparisons between shading and crowding effects, the competition indices were standardised by: $$\begin{matrix}
{\text{CI-shading}\ \left( \text{CIS}_{i} \right)\  = \ \text{BAL}_{i}/\,\text{BAL}_{max}} \\
{\text{CI-crowding}\ \left( \text{CIC}_{i} \right)\  = \ \text{BA}_{i}/\,\text{BA}_{max}} \\
\end{matrix}$$ where BAL~*i*~ and BA~*i*~ are the cumulative basal area of trees larger than the target tree and all neighbours within a 20 m radius of a target tree *i*, and BAL~*max*~ and BA~*max*~ are the maximum values for BAL~*i*~ and BA~*i*~ recorded in the study plot. Thus, CIs vary between 0 and 1 and indicate the minimum and maximum neighbourhood interactions observed for any target tree.

Growth model {#sec007}
------------

To assess the size and competition dependence of radial growth of dominant and co-dominant canopy beech trees, we applied a parametric growth function using a generalised least squares framework (GLS) \[[@pone.0120335.ref036]\]. This weighted linear regression approach was preferred, because it retains the structure of the data while accounting for a heteroscedastic variance and correlated within-group errors, and thus avoids biased inferences associated with logarithmic transformations \[[@pone.0120335.ref037]\].

Basal area growth of target tree *i* (growth~*i*~) was modelled as a functional relationship between tree size and the tree's competitive status: $$\text{growth}_{i} = \alpha + \beta_{1}\text{DBH}_{i} + \beta_{2}\text{DBH}^{2}\mspace{1mu}_{i} + \beta_{3}\text{CIS}_{i} + \beta_{4}\text{CIC}_{i}$$ where *α* is the mean basal area growth rate and *β* ~1,2,3,4~ are estimated parameters of initial tree size (linear: DBH; non-linear: DBH^2^), shading (CIS, aboveground competition) and crowding effects (CIC, belowground competition). The importance of above- and belowground processes for basal area growth was assessed by fitting several alternative models accounting for size or size and competition effects. Moreover, we considered interaction terms between explanatory variables ([Table 2](#pone.0120335.t002){ref-type="table"}).

10.1371/journal.pone.0120335.t002

###### Model selection statistics.

![](pone.0120335.t002){#pone.0120335.t002g}

  Predictor                                             ΔAIC      *w* ~*i*~   *R* ^2^
  ----------------------------------------------------- --------- ----------- ----------
  DBH                                                   58.0      0.000       0.25
  DBH + DBH^2^                                          55.4      0.000       0.26
  DBH + CIS                                             9.7       0.004       0.31
  DBH + DBH^2^ + CIS                                    26.6      0.000       0.33
  DBH + CIC                                             11.2      0.002       0.30
  DBH + DBH^2^ + CIC                                    25.5      0.000       0.34
  DBH + CIS + CIC                                       11.6      0.002       0.31
  DBH + DBH^2^ + CIS + CIC                              13.2      0.001       0.30
  DBH + CIS + CIC + DBH x CIS                           13.6      0.001       0.31
  DBH + DBH^2^ + CIS + CIC + DBH x CIS + DBH^2^ x CIS   10.1      0.004       0.30
  DBH + CIS + CIC + DBH x CIC                           11.1      0.002       0.32
  DBH + DBH^2^ + CIS + CIC + DBH x CIC+ DBH^2^ x CIC    9.9       0.004       0.30
  DBH + CIS + CIC + CIS x CIC                           **0.7**   **0.400**   **0.33**
  DBH + DBH^2^ + CIS + CIC + CIS x CIC                  **0.0**   **0.576**   **0.31**

To address the skewed response and heteroscedasticity of the growth data, the residual error of the *i*-th target tree (*ε* ~*i*~) was modelled using a variance function based on the power of tree size \[[@pone.0120335.ref036]\]. $$\text{var}\left( \varepsilon_{i} \right) = \sigma^{2}\left| \text{DBH}_{i} \right|^{2\delta}$$ where *δ* is a parameter to be estimated, which allows the variance to increase with tree size. Moreover, preliminary analyses indicated strong spatial correlation of the residuals. We therefore additionally included an exponential correlation structure in the variance-covariance terms \[[@pone.0120335.ref038]\]: $$\gamma\ \left( s,\rho \right)\  = \begin{cases}
{c_{0} + \left( 1 - c_{0} \right)\left( 1 - e^{\frac{s}{\rho}} \right),} & {\text{if}\ s > 0} \\
{0\mspace{148mu},} & {\text{if}\ s = 0} \\
\end{cases}$$ where *ρ* is the estimated range, *s* the estimated distance and *c* ~0~ the estimated nugget effect.

Models were selected based on the Akaike Information Criterion (AIC) and maximum likelihood (ML) estimations. Parameter estimates of the best-fitting model were based on the restricted maximum likelihood (REML) method \[[@pone.0120335.ref038]\]. Only models with an AIC difference (ΔAIC) ≤ 2 (compared with the best-fitting model) were considered as models with substantial support \[[@pone.0120335.ref039]\]. Models were fitted using the *gls* function from the *nlme* package in R \[[@pone.0120335.ref040]\].

The 14 candidate models describing basal area growth of dominant and co-dominant canopy beech (*Fagus sylvatica*) trees as a function of initial tree size (diameter at breast height, DBH), aboveground (shading, CIS) and belowground competition (crowding, CIC). The best-fitting models are highlighted in bold. ΔAIC is the difference in AIC (Akaike Information Criterion) with respect to the best-fitting model (lowest value of AIC). The Akaike weight (*w* ~*i*~) is the relative likelihood of each model to be the best-fitting model, given the complete set of candidate models. *R* ^2^ is the variance explained by the model.

Competition effects {#sec008}
-------------------

We analysed changes in competition effects with various levels of shading and crowding by predicting the decline in potential growth of a target tree (expressed as the growth rate in the absence of competitors) as a function of the degree of competition. This allowed us to test whether target trees are more sensitive to changes in above- or belowground competition.

To more fully understand the mechanisms of biotic interactions, we further analysed how the intensity of tree--tree interactions was affected by competition. The intensity of competition was quantified for each target tree using the log response ratio \[[@pone.0120335.ref041]\]: $$\text{LnRR} = \text{ln}\mspace{1mu}\left( \text{G}_{- \text{N}}/\text{G}_{+ \text{N}} \right)$$ where G denotes the radial growth of a target tree either in absence (−) or presence (+) of local neighbourhood competitors. Positive LnRR-estimates indicate competition, while negative estimates imply that tree--tree interactions are facilitative. In the case of G~−N~, CI was set at 0. In the case of G~+N~, we used the average value of CIS and CIC (see [Table 1](#pone.0120335.t001){ref-type="table"}) to account for potential differences in the strength of each competition mode (shading/crowding). G~−N~ and G~+N~ were predicted for every target tree based on our best-fitting model and LnRRs were calculated separately for each mode of competition. To evaluate changes in the response of neighbourhood interactions at various levels of above- and belowground competition, we predicted LnRRs at low (CI of 0.1) and high (CI of 0.6) levels of competitive stress. We predicted changes in LnRR as a function of tree size to further analyse tree size-related changes in the outcomes of competition. We distinguished between (i) medium-sized trees: DBH 30--60 cm, and (ii) large-sized trees: DBH 61--100 cm. Differences in LnRR between the levels of competition (high/low) were tested by analysis of variance (ANOVA). All statistical analyses were performed using R \[[@pone.0120335.ref040]\].

Results {#sec009}
=======

The minimum adequate models (MAM) according to the AIC included a tree size effect and interacting effects of shading and crowding (Akaike model weights of 0.40 and 0.58; [Table 2](#pone.0120335.t002){ref-type="table"}). Thus, both above- and belowground competitive processes drive changes in individual tree growth patterns. However, comparisons of ΔAIC and *R* ^*2*^ indicated that the simpler MAM containing a linear size effect had substantially greater support than the MAM including a marginally significant non-linear response of basal area growth with tree size (DBH^2^: *L* = 2.71, *P* = 0.10; ΔAIC for the MAM with a non-linear size effect was only 0.7 points lower than for the model with a linear size effect; [Table 2](#pone.0120335.t002){ref-type="table"}). Consequently, the model with a linear BAI-DBH relationship was considered as the best-supported growth model ([Table 3](#pone.0120335.t003){ref-type="table"}). Simpler, alternative models that excluded the effects of either competition or the interplay between shading and crowding showed much larger AIC values. Graphical validation plots indicated unbiased estimates ([S1](#pone.0120335.s001){ref-type="supplementary-material"} and [S2 Figs](#pone.0120335.s002){ref-type="supplementary-material"}). The best-supported model explained 33% of the variance in BAI, and the mean prediction error was −1.87 cm^2^ year^−1^.

10.1371/journal.pone.0120335.t003

###### Parameter estimates of the best-supported growth model for dominant or co-dominant canopy beech (***Fagus sylvatica***) trees obtained by generalized least squares (GLS) regression.

![](pone.0120335.t003){#pone.0120335.t003g}

                          Estimate   SE       *P*-value
  ----------------------- ---------- -------- -----------
  *Fixed effects*                             
  Intercept               53.692     9.542    \<0.001
  DBH                     0.323      0.089    \<0.001
  CIS                     −104.003   20.081   \<0.001
  CIC                     −44.234    15.984   0.006
  CIS \* CIC              97.586     27.059   \<0.001
  *Random effects*                            
  *δ*                     1.315               \<0.001
  *ρ*                     17.559              \<0.001
  *c* ~o~                 0.650               \<0.001
  *σ* ~(resid.\ error)~   0.084               

Effects of size on tree radial growth {#sec010}
-------------------------------------

Mean annual growth rates of beech increased continuously with DBH ([Fig. 4A](#pone.0120335.g004){ref-type="fig"}). For instance, the predicted growth of a large-sized tree with a DBH of 100 cm was 58% higher compared to a tree of 50 cm. Although growth pattern largely varied among individual trees of the same size ([Fig. 4A](#pone.0120335.g004){ref-type="fig"}), a distinct increase in average growth was obvious for trees \> 75 cm ([Fig. 4B](#pone.0120335.g004){ref-type="fig"}). Mean annual growth was 32.6 cm^2^ year^−1^ in the 70--75 cm DBH range, 49.6 cm^2^ year^−1^ in the 75--80 cm DBH range and 98.8 cm^2^ year^−1^ in the 95--100 cm DBH range.

![Radial growth rate as a function of tree size.\
(a) Predicted monotonic increase of basal area growth of dominant and co-dominant canopy beech (*Fagus sylvatica*) trees with trunk diameter (*β* = 0.323 ± 0.089; *P* \< 0.001). Competition effects were kept fixed at their means (see [Table 1](#pone.0120335.t001){ref-type="table"}). (b) Observed growth rates (mean ± SE) against tree size classes. The x-axis represents the upper boundaries of the tree size (DBH)-class.](pone.0120335.g004){#pone.0120335.g004}

Effects of above- and belowground competition on tree radial growth {#sec011}
-------------------------------------------------------------------

Overall, radial growth decreased with increasing competition, although growth rates were immensely variable among trees experiencing the same level of competitive stress ([Figs. 5A and 5B](#pone.0120335.g005){ref-type="fig"}). Beech trees were less sensitive to changes in crowding conditions compared to variation in shading ([Fig. 5C](#pone.0120335.g005){ref-type="fig"}). Mean growth reduction due to local shading effects was 3.5-times higher than effects of crowding by neighbouring trees (*F*: 26.39, *P* \< 0.001; [Fig. 5D](#pone.0120335.g005){ref-type="fig"}). However, the sensitivity to shading and crowding varied with the level of competitive stress. Changes in radial growth with increasing shading were less obvious at a high level of crowding ([Fig. 6A](#pone.0120335.g006){ref-type="fig"}). There was evidence of a shift to belowground facilitation for trees experiencing a high level of shading, where growth rates increased with increasing crowding ([Fig. 6B](#pone.0120335.g006){ref-type="fig"}).

![Effects of shading and crowding on radial growth.\
Growth rates of canopy dominants (*Fagus sylvatica*) in response to the cumulative basal area of (a) trees larger than the target tree (BAL; shading) and (b) all neighbours (BA; crowding) within a 20 m radius around a target tree. (c) Changes in competition response of canopy dominants with various levels of local neighbourhood competition. The response curve represents the predicted proportional decline in basal area growth as a function of shading and crowding effects, respectively. Competition effects are calculated for an overstorey beech tree of mean size and mean crowding or shading levels, while varying CI (see [Table 1](#pone.0120335.t001){ref-type="table"}). (d) Relative growth reduction (mean ± SE) due to competition effects. Mean values were derived from the competition response curve in panel (c).](pone.0120335.g005){#pone.0120335.g005}

![Variation in the effects of shading (a) and crowding (b) on radial growth rate at high and low level of competitive stress.\
The regression lines represent the estimated basal area growth for beech (*Fagus sylvatica*) of mean size growing in the overstorey (see [Table 1](#pone.0120335.t001){ref-type="table"}) as predicted by the GLS-model.](pone.0120335.g006){#pone.0120335.g006}

We found antagonistic interactions between shading and crowding effects in which increasing competition for belowground resources was associated with decreased aboveground competition and vice versa (the light grey columns are always larger than the dark grey columns in [Fig. 7](#pone.0120335.g007){ref-type="fig"}). For example, LnRR (shading) was 34% (medium-sized trees) to 38% (large-sized trees) lower at high compared to low levels of crowding (both comparisons *P* \< 0.001; [Fig. 7A](#pone.0120335.g007){ref-type="fig"}). Furthermore, at high levels of shading, radial growth was actually facilitated by a high density (crowding) of neighbouring trees (i.e., LnRR crowding showed negative values; both comparisons *P* \< 0.001; [Fig. 7B](#pone.0120335.g007){ref-type="fig"}). There was also size-dependency in the magnitude of tree--tree interactions. Neighbourhood effects (LnRR shading and LnRR crowding) on target tree growth declined with tree size and tree size-related changes were most pronounced for crowding effects of trees experiencing a high level of shading ([Fig. 7B](#pone.0120335.g007){ref-type="fig"}). The decline in mean shading intensity with tree size was higher at a high (26%) compared to a low (21%) level of crowding ([Fig. 7A](#pone.0120335.g007){ref-type="fig"}).

![Variation in the intensity of neighbourhood interactions (LnRR) with tree size.\
(a) aboveground effects (shading), (b) belowground effects (crowding). Positive LnRR-values indicate competitive interactions, while negative values indicate facilitative interactions for medium-sized (DBH 30--60 cm) and large-sized (DBH 61--100 cm) dominant and co-dominant canopy beech (*Fagus sylvatica*) trees at low and high levels of competitive stress. Error bars represent 95% confidence intervals. Non-overlapping confidence intervals denote significant differences (*P* \< 0.001) between stress levels.](pone.0120335.g007){#pone.0120335.g007}

Discussion {#sec012}
==========

We evaluated the effects of tree size and above- and belowground competition on individual radial tree growth of dominant and co-dominant beech canopy trees in an unmanaged old-growth forest. Our results provide evidence that growth rates generally decreased with increasing competition, but each mode of competition mitigates the effect of the other. In this context, we found that shading and crowding become less important with increasing tree size indicating size-asymmetry in both above- and belowground neighbourhood interactions. Here, we discuss the ecological significance of the observed growth strategies and their implications for forest community dynamics.

Competitive interactions are less prevalent in the presence of large trees {#sec013}
--------------------------------------------------------------------------

Our results indicate that not only environmental gradients, but also the mode of competition (above- vs. belowground) and their interacting effects are important factors that determine the intensity and the outcome of inter--tree competition. Growth reduction due to shading was significantly lower for trees experiencing a high level of crowding. In contrast, beech trees were able to grow faster in neighbourhoods with high abundance of larger neighbours (i.e., high level of shading) due to facilitative effects of belowground interactions. These characteristics might partly result from the spatial arrangement of large and vigorous trees and their proximity to conspecific smaller neighbours, respectively. The regular-random spatial distribution of large-sized (\> 60 cm in DBH) trees in our study and their high density strongly suggest that those individuals have a disproportional impact on the local shading and crowding conditions for a focal tree (see Figs. [2](#pone.0120335.g002){ref-type="fig"} and [3A](#pone.0120335.g003){ref-type="fig"}). Natural late successional forests are associated with a wide range of tree sizes at a small spatial scale \[[@pone.0120335.ref042]\], thus high shading or crowding intensities (high values of BAL and BA) of structurally diverse stands depend primarily on the presence of large-diameter trees and not on a high abundance of smaller stems. This indicates that the importance of competition effects may vary with forest structure and larger trees may benefit or stimulate smaller neighbours. For example, competition intensity was found to be strongly related to the stand-level tree spatial pattern in an old growth boreal forest, where tree clustering locally intensified competition \[[@pone.0120335.ref016]\]. Moreover, old and large trees can operate as strong organizers of spatially-structured tree recruitment through competitive interactions \[[@pone.0120335.ref043]\] or facilitate regeneration establishment by integrating seedlings in existing mycorrhizal networks \[[@pone.0120335.ref044]\].

There are two plausible explanations for the observed higher radial increment of beech trees in more dense above- and belowground neighbourhoods as compared to BAI rates at low shading or crowding intensities. First, lower competition intensities for light at high levels of crowding likely arise as a result of a higher habitat heterogeneity induced by morphological adjustments and a long continuity in tree-tree interactions \[[@pone.0120335.ref030]\]. Morphological plasticity enables trees to reduce competitive pressure from neighbours \[[@pone.0120335.ref045],[@pone.0120335.ref046],[@pone.0120335.ref047],[@pone.0120335.ref048]\], and thus improve their light absorption \[[@pone.0120335.ref012]\]. In the Serrahn forest, Schröter et al. \[[@pone.0120335.ref049]\] found that this adaptation mechanism also holds for old beech trees, which in turn would allow for shifts in carbon allocation pattern (i.e. allocation to the trunk instead of an allocation to branches) even at late-successional stages. Such shifts were observed in long-term unmanaged beech forests where crown efficiency (defined as growth per unit crown area) of *F*. *sylvatica* increased with increasing length of non-forestry use and stand density, particularly in the presence of allospecific neighbours \[[@pone.0120335.ref050]\]. We therefore assume that the lower importance of aboveground competition with increasing belowground competition is probably linked to an optimal light resource partitioning as a result of a higher structural complexity in crown sizes and shapes. Similar patterns were observed for adult trees in mixed-species forests \[[@pone.0120335.ref048]\]. Thus, optimal partitioning theory may explain the interacting effects between shading and crowding where high crowding intensities mitigate response to light limitations. This might hold for both medium- and large-sized trees, since we observed a size-independent plasticity of canopy dominants (*F*. *sylvatica*), as indicated by the similar decline in net shading effects with increasing belowground competition (see [Fig. 7](#pone.0120335.g007){ref-type="fig"}). However, the stimulating role of large-sized trees might not be evident in stands with a low growing stock and high anthropogenic disturbance intensity and frequency because morphological adjustments are minor as the system homogeneity is increased. The second possible explanation for large trees facilitating smaller trees is them being the primary contributors of a common mycorrhizal network or of an improved access to soil resources (e.g. by accelerating rates of nutrient cycling) \[[@pone.0120335.ref030],[@pone.0120335.ref044],[@pone.0120335.ref051]\]. There is evidence that those networks are involved in belowground transfers of carbon, nutrients (e.g. nitrogen, phosphorous) and water between ectomycorrhizal tree species (e.g. *F*. *sylvatica*), and thus can alter net competition effects \[[@pone.0120335.ref052],[@pone.0120335.ref053],[@pone.0120335.ref054]\]. However, the actual magnitude of such interplant transfers through directly connected fungal hyphae does not seem to be well understood \[[@pone.0120335.ref054]\]. We found that tree size-related changes in the intensity of neighbourhood interactions were context-specific (mode of competition) and varied when the interactions were dominated by above- or belowground processes (high or low level of the other mode). In our study belowground facilitation was caused by a high level of shading. Specifically, canopy dominants that were smaller in stature (DBH 30--60 cm; [Fig. 7B](#pone.0120335.g007){ref-type="fig"}) tended to have disproportionately higher facilitative effects belowground indicating that these trees mostly benefit from a spatial aggregation of larger trees in their local neighbourhood. Thus, in agreement with similar facilitative effects observed between seedlings and adult trees \[[@pone.0120335.ref044],[@pone.0120335.ref055]\], we suggest that common mycorrhizal networks could be an important mechanism promoting growth rates of adult trees in conspecific neighbourhoods. Moreover, allocational plasticity enables canopy dominants to balance optimal production of root and canopy structures (e.g. optimising efficiencies of light interception and use vs. maximal depletion of shared soil resources to intensify competitive effects) \[[@pone.0120335.ref056],[@pone.0120335.ref057],[@pone.0120335.ref058]\]. As a result, adult trees can receive benefit from their neighbouring larger trees (high shading or crowding intensities) to achieve higher growth rates \[[@pone.0120335.ref059]\].

Large trees play a key role for ecosystem functioning {#sec014}
-----------------------------------------------------

The abundance of large-sized (\> 60 cm in DBH) beech trees in our study cover a representative range of late-successional stages. However, we found no evidence for a size-related decline of growth rates during tree maturation (up to 100 cm in DBH). Instead, regardless of competitive stress, basal area growth of *F*. *sylvatica* continuously increased with size, which is in agreement with a continuous increase of BAI with age of mature beech trees (160--265 years) \[[@pone.0120335.ref060]\]. Enhanced CO~2~ levels in the recent decades might have contributed to increasing radial growth rates as trees age \[[@pone.0120335.ref061]\]. Similar results were found for long-living tree species (*Eucalyptus regnans* and *Sequoia sempervirens*) in old-growth forests located in Australia and North America, where aboveground wood production of un-suppressed individuals increased with size and age during the tree's lifetime (largest and oldest trees: '*E*. *regnans'* 299 years / DBH 92 cm; '*S*. *sempervirens'* 1847 years / DBH 648 cm) \[[@pone.0120335.ref062]\]. Given the close correlation between basal area and diameter growth rates (*R* ^2^ = 0.89; [S3 Fig](#pone.0120335.s003){ref-type="supplementary-material"}) in our study, larger trees are assumed to be those which accumulate carbon in the trunk at even faster rates as they mature. Thus, suggesting that not only the amount of carbon, but also the rate of carbon sequestration is highest in old, large-sized trees \[[@pone.0120335.ref063]\]. However, the observed monotonic increase in growth rates with size might not necessarily be valid on the level of an individual tree, as individual-specific time series were not available \[[@pone.0120335.ref064]\]. In this context, we found a comparably low amount of variation in growth rates (33%) explained either directly or indirectly (via tree size) by competition. Similar results were observed for temperate tree species in a mixed-species primeval *Abieto-Fagetum* forest \[[@pone.0120335.ref065]\] and tropical tree species in an unmanaged old-growth forest \[[@pone.0120335.ref066]\]. This suggests that competition effects on tree radial growth are considerably less important in tree communities with a long continuity of population dynamics compared to frequently anthropogenic disturbed stands. Consequently, our results strongly highlight the importance of the abundance and spatial distribution of large-diameter trees in near-natural managed forests for the maintenance of ecosystem functioning.

Conclusions {#sec015}
===========

Interactions between neighbouring trees in long-term unmanaged communities may be more complex than commonly assumed, even at the intraspecific level. Recent studies have found evidence of such patterns in old-growth conifer forests \[[@pone.0120335.ref016],[@pone.0120335.ref067]\]. Nonrandom demographic (density-dependent mortality and aggregated tree recruitment) processes can maintain tree patterns in a dynamic equilibrium \[[@pone.0120335.ref067]\], demonstrating that competitive interactions continue to affect forest structure and community processes over centuries \[[@pone.0120335.ref016],[@pone.0120335.ref067]\]. Our research also has demonstrated that spatial aggregation of large-sized individuals could benefit growth of smaller conspecifics. It can therefore be considered that species competitive ability and neighbourhood competition intensity further depend on spatial aggregation patterns \[[@pone.0120335.ref016],[@pone.0120335.ref068]\]. Thus, other factors such as forest structure or continuity of species interactions play a key role in regulating tree growth pattern and community dynamics in (near-) natural forest ecosystems.

Large-diameter and old trees are crucial components for maintaining biomass accumulation, carbon sequestration \[[@pone.0120335.ref062],[@pone.0120335.ref063]\], structural heterogeneity \[[@pone.0120335.ref043]\], forest biodiversity \[[@pone.0120335.ref069]\] and forest integrity \[[@pone.0120335.ref070]\]. Our results additionally suggest that large-diameter trees have an important functional role for regulating biotic filtering processes. Moreover, the largest trees in our study were associated with the highest absolute radial growth rates, which might be a crucial mechanism for the maintenance of wood accumulation during stand development of old-growth forests \[[@pone.0120335.ref062]\]. This in turn emphasizes the need to reconsider the importance of large-diameter trees in (near-)natural forests to understand more fully interactions among conspecifics and allospecific neighbours, and thus forest community dynamics.
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